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Abstract 
Silicone (polydimethylsiloxane) films are irradiated with a nanosecond F2-laser at a wavelength of 157 nm. Low fluence 
irradiation < 100 mJ/cm² causes elimination of the organic groups leading to the formation of silica like material. Irradiation at 
fluences > 200 mJ/cm² causes precise ablation of the silicone material. By combining ablative patterning and low fluence 
modification, the fabrication of silica devices with precise shape control is possible. Using spin coating of a diluted silicone 
solution (type ACCUGLASS), the preparation of thin silicone films (100 nm to 1 μm thickness) is possible. High resolution 
patterns like surface relief gratings with 1 μm period are obtained in these films by patterned ablation using a mask projection 
system and subsequent large area irradiation for the modification to silica. The chemical modification to carbon free silica is 
confirmed by Raman spectroscopy. 
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1. Introduction 
Silicone is a synthetic polymer consisting of a silicon-oxygen backbone with organic side groups (e.g CH3) 
attached to the silicon atom. The simplest form is polydimethylsiloxane (PDMS, [Si(CH3)2O]n). By thermal or 
photochemical processing it can be converted into SiO2, one of the most important materials for the fabrication of 
optical and photonic components. On the other hand, silicone enables easy replication of complex microstructures. 
The combination of patterning and chemical modification promises a huge potential in micro- and nanotechnology. 
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UV-laser treatment of silicone materials has been studied at wavelengths of 193 nm, 248 nm, and 266 nm [Hogan 
and Lunney (1988), Joubert et al. (1991), Graubner et al. (2002), Rubahn et al. (2004), Graubner et al. (2006)]. The 
laser modification results of silicone at three wavelengths have been compared by Okoshi et al. (2009): irradiation at 
266 nm leads to the formation of carbon; irradiation at 193 nm leads to a luminescent material (defective SiOx) 
[Okoshi et al. (2007)], and at 157 nm the resulting material is SiO2. F2-laser processing at 157 nm can be used for 
the writing of SiO2-waveguides in silicone material [Okoshi et al. (2005)]. The difference of the results at 193 nm 
and 157 nm are explained as follows: at 193 nm the photon energy of 6.4 eV is sufficient for the elimination of 
organic groups (CH3), but it is not adequate for effective dissociation of O2 into atomic oxygen, which would be 
necessary to further oxidize the resulting Si-O network. This is only accomplished by the 7.9 eV photon energy of 
the 157 nm radiation enabling the formation of completely oxidized SiO2. 
The combination of ablation and modification of silicone to form silica-like relief gratings with 157-nm-radiation 
has already been demonstrated for thick films (3-5 μm) [Syring et al. (2012)]. While a fabrication of optical 
structures is generally possible with these films, initial swelling of the material and a slight lateral material flow 
restrict the lateral resolution. Also, depending on laser parameters, partial graphitization and crack formation can 
affect the surface quality. In this paper, we use thin “spin-on glass” silicone films to fabricate high resolution 
patterns with smooth optical surfaces.  
2. Experimental 
2.1.  Sample preparation 
Silicone films were prepared on glass microscope slides from the commercial product ACCUGLASS T-512B 
Spin-on Glass by the following procedure: (1) cleaning of the glass substrates with dishwashing liquid and ethanol 
and drying at 60°C, (2) degassing of the silicone solution in vacuum for three minutes, (3) spin coating at a 
rotational frequency of 1000 rpm (Convac 1001S), (4) curing of the films for 15 minutes at 120°C in air to remove 
residual solvent. 
The obtained film thickness was about 1 μm as measured with an optical film thickness sensor (ATOS GmbH). 
Thinner films are obtained using higher rotational frequencies or a less viscous solution ACCUGLASS T-111. 
However, all investigations presented in this paper have been performed with 1 μm thick films. 
 
2.2. Laser system 
The F2-laser processing system consists of a F2-laser (Lambda Physik LPF 220i), a 157 nm beam-shaping and -
delivery system (MicroLas Lasersystem), high-precision sample positioning drives, and beam and sample-alignment 
diagnostics (Fig. 1). It has been described in detail previously [Herman et al. (2001)]. Ablative processing of 
materials is performed in a mask projection configuration. The laser delivers up to 25 mJ single-pulse energy with 
15 ns pulse duration at 1-200 Hz repetition rate. The whole beam path is flushed with nitrogen gas to provide 
transparency at 157 nm. The mask is illuminated with the homogenized laser beam and imaged onto the work piece 
at 25x demagnification using a Schwarzschild objective of 0.4 NA. The optical system provides a uniformly 
illuminated field of size 200×200 ȝm2. The sample is positioned outside the chamber on a high precision translation 
stage. A gas flow nozzle separates the imaging optics from the sample to provide a protective and transparent stream 
of nitrogen gas to the working area on the target surface. The necessary precise control of the focal plane position is 
accomplished by the integration of an optical coherence tomography (OCT) module into the sample-alignment 
optics of the processing system [Wiesner et al. (2010)]. 
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2.3. Laser irradiation and characterization of the results 
To investigate the ablation and modification behavior of the silicone films, the samples were irradiated at 157 nm 
under variation of fluence and number of pulses at a pulse repetition rate of max. 10 Hz. A laser spot size of 50 μm 
x 50 μm was defined by a square aperture in the mask plane. In order to obtain line patterns, grating masks were 
inserted in the mask plane. These free-standing gratings were cut from a 30 μm thick high-alloy steel sheet by a ps-
UV-laser operating at a wavelength of 355 nm using a focus scanning technique with focus spot size of ~8 μm and a 
lateral precision in the order of 1 μm. 
Ablation depths were measured by a confocal microscope (Sensofar PLμ 2300). The chemical modification was 
investigated using a confocal Raman microscope with excitation at 488 nm (LabRAM HR 800 UV, Horiba Jobin-
Yvon). The surface topography was recorded with a scanning electron microscope (Zeiss EVO MA10). 
 
 
 
Fig. 1. Optical system for microprocessing at 157 nm wavelength. 
 
3. Results and discussion 
Ablation of the silicone material was observed for fluences above about 200 mJ/cm². The ablation depth 
increases roughly linearly with the applied number of pulses (Fig. 2 (a)). The ablation rate (ablation depth / number 
of pulses) increases linearly with the logarithm of the fluence reaching 250 nm/pulse at 7 J/cm² (Fig. 3). The so 
called effective absorption coefficient Įeff determined according to Įeff = d -1 × log(ĭ/ĭth) with ablation rate d, 
fluence ĭ,  and threshold fluence for ablation ĭth, amounts to Įeff = 1.6 × 105 cm-1, with a threshold of 
ĭth = 195 mJ/cm². The ablation characteristics may depend slightly on the curing temperature at which the material 
is treated after spin coating, but this behavior has not been investigated in detail.  
Though even below 200 mJ/cm² a reduction of the film thickness in the irradiated region is observed (Fig. 2 (b)), 
this process is not comparable to ablation. The rate of this reduction is less than 1 nm/pulse, and the reduction stops 
after around 1000 pulses leading to a 20% diminished film thickness. Scanning electron microscopy images of the 
films after modification show a clean, smooth surface with optical quality. That this process is a modification rather 
than an ablation process is confirmed by Raman spectra recorded in such irradiated regions (Fig. 4). Prior to 
irradiation, as expected, characteristic bands of PDMS were found, especially at 190 cm-1 (CH3-Si-CH3), 489 cm-1 
(Si-O-Si), 680 cm-1 (Si-CH3), 2906 cm-1 and 2966 cm-1 (CH3) [Jayes et al. (2003)]. After irradiation at 50 mJ/cm², a 
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decrease of all these bands is observed, most prominent in the case of the CH3 symmetric and asymmetric stretching 
vibrations at 2906 cm-1 and 2966 cm-1. This indicates that the organic groups have been removed resulting in an 
inorganic silica-like material. The result is confirmed by performing ablation experiments by irradiating these 
modified regions afterwards at higher fluence. The ablation threshold of this material (modified with 3000 pulses at 
50 mJ/cm²) amounts to about 800 mJ/cm² (Fig. 3), not much below that of fused silica at the same laser wavelength 
[Herman et al. (2000)].  
Significant initial swelling of the material and formation of graphite on the surface, which has been found for the 
multi-pulse low fluence treatment of thick films made of another silicone type (Sylgard 184) [Syring et al. (2012)] is 
not observed here.  
 
 
              (a)               (b) 
Fig. 2. Depth measured after 157 nm irradiation of a ~1 μm thick silicone film (a) Ablation depth at high fluences; (b) Reduction of film 
thickness at low fluences. 
 
 
Fig. 3. Comparison of the ablation rate of an unmodified silicone film to the ablation rate after irradiation with 3000 pulses at 90 mJ/cm² at a laser 
wavelength of 157 nm. 
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Fig. 4. Raman spectra of an unmodified silicone film and after irradiation at 157 nm, 50 mJ/cm² with various numbers of pulses. 
 
Figure 5 displays two exemplary results of structured ablation of the silicone film. During fabrication a grating 
mask has been inserted in the mask plane resulting in a relief grating pattern on the sample under ablation 
conditions. After ablation the mask has been removed and the whole area is irradiated at reduced fluence. Thus the 
remaining silicone material is converted into silica without substantial deterioration of the shape. 
 
 
 
            
   (a)      (b) 
Fig. 5. Grating patterns after structured ablation (1 J/cm², 8 pulses) and subsequent large area modification (90 mJ/cm², 1000 pulses) 
(a) Grating with 10 μm period (confocal microscopy); (b) Grating with 1 μm period (scanning electron microscopy). 
 
Compared to traditional stamping and nano imprinting techniques, laser processing of silicone does not have to 
be performed on wafer level, but can be applied in a late stage of assembly of a micro system and even at otherwise 
hardly accessible positions. Furthermore, the modification process can be carried out without thermal load on 
adjacent components or heat sensitive substrates.   
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4. Conclusion 
F2-laser ablation of silicone material of type ACCUGLASS T-512B Spin-on Glass is characterized by an ablation 
threshold of 195 mJ/cm² and an effective absorption coefficient of 1.6 × 105 cm-1. Above threshold, precise features 
with sub-micron structure resolution are obtained. Irradiation below the ablation threshold leads to a modification of 
the silicone into mostly inorganic, silica-like material. The combination of ablation and modification may show a 
route to the fabrication of structured optical devices of silica material. 
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